Patients with cholestatic disease exhibit pruritus and analgesia, but the mechanisms underlying these symptoms are unknown. We report that bile acids, which are elevated in the circulation and tissues during cholestasis, cause itch and analgesia by activating the GPCR TGR5. TGR5 was detected in peptidergic neurons of mouse dorsal root ganglia and spinal cord that transmit itch and pain, and in dermal macrophages that contain opioids. Bile acids and a TGR5-selective agonist induced hyperexcitability of dorsal root ganglia neurons and stimulated the release of the itch and analgesia transmitters gastrin-releasing peptide and leucine-enkephalin. Intradermal injection of bile acids and a TGR5-selective agonist stimulated scratching behavior by gastrin-releasing peptide-and opioid-dependent mechanisms in mice. Scratching was attenuated in Tgr5-KO mice but exacerbated in Tgr5-Tg mice (overexpressing mouse TGR5), which exhibited spontaneous pruritus. Intraplantar and intrathecal injection of bile acids caused analgesia to mechanical stimulation of the paw by an opioid-dependent mechanism. Both peripheral and central mechanisms of analgesia were absent from Tgr5-KO mice. Thus, bile acids activate TGR5 on sensory nerves, stimulating the release of neuropeptides in the spinal cord that transmit itch and analgesia. These mechanisms could contribute to pruritus and painless jaundice that occur during cholestatic liver diseases.
transplantation in these children. Moreover, the consequences of persistent, unrelenting, and poorly controlled pruritus can substantially impact patients' quality of life. Given the related but antagonistic relationship between itch and pain 4 , it is not surprising that altered pain perception is also seen in cholestatic liver disease. Despite the magnitude of this clinical problem, progress towards understanding the pathogenesis of cholestatic pruritus has been slow. In the absence of clear molecular targets, current therapies remain largely empirical and are restricted to physical interventions such as nasobiliary drainage or use of pharmacological agents including bile acid sequestrants, rifampicin, opioid antagonist, and seretraline. [5] [6] [7] The overall effectiveness of such interventions is limited, underscoring the substantial unmet need for these patients.
With regard to mechanism, it is believed that cholestasis results in hepatic release of unnamed pruritogens that act to stimulate specific neural itch fibers in the skin. This signal is then transmitted to neurons in the spinal cord, and ultimately to the brain. For many years, pruritus secondary to cholestasis was attributed to increased concentrations of bile acids and its role as a potential irritant in the skin. That contention arose from a variety of clinical and experimental observations, particularly studies where use of intermittent biliary drainage or bile acid sequestrants lowered serum bile acid concentrations and relieved pruritus in cholestatic patients. 8, 9 Although these clinical observations supported the concept that the pruritogen is most likely liver-derived, evidence was insufficient to directly implicate bile acids as the offending agent. Indeed, many other findings dating from the origin of the bile acid hypothesis argued strongly against a direct role of bile acids. Specifically, the most relevant counterargument is that not all cholestatic patients with markedly elevated serum bile acid concentrations, itch. 10, 11 So what are other candidate pruritogens besides bile acids? There is support for a role of altered endogenous opiate activity in cholestatic pruritus, a concept initially driven by the astute clinical observation of anti-pruritic actions of opiate antagonists. 1, 12 However, the mechanism does not appear to involve increased release of endogenous opioids by the cholestatic liver, but rather heightened opioidergic neurotransmission in response to cholestasis. In recent years, the most significant breakthrough in this area comes from a team of innovative investigators at the Academic Medical Center in Amsterdam, who provided compelling evidence that lysophosphatidic acid (LPA) is a mediator of cholestatic pruritus. 13, 14 The levels of LPA, a bioactive lipid previously shown to induce itch, rise in cholestatic patients as a result of increased levels of autotaxin, a circulating enzyme with lysophospholipase D enzyme activity. 13, 14 Evidence supporting a role for autotaxin and LPA in pruritus of cholestasis included a strong correlation between pruritus severity and autotaxin levels in patients before and following therapies such as bile acid sequestrants, rifampicin, and a Molecular Adsorbents Recirculation System (MARS). Notably, autotaxin levels were elevated in patients with pruritus of cholestatic origin, but not in other pruritusassociated conditions such as uremia or atopic dermatitis. 14 Like many breakthroughs, the identification of LPA as a pruritogen in cholestasis has led to many more questions, including what is the source of autotaxin, the mechanisms responsible for its increased production, and the relationship of autotaxin/LPA to other candidate pruritogens. Joining our attempts to reconcile the evidence for bile acids, endogenous opioids, and now LPA in cholestatic pruritus is new and highly relevant evidence that bile acids can signal through a specific receptor, TGR5, to induce pruritus as well as analgesia. 15 In addition to promoting hepatic bile secretion and intestinal absorption of fats and fatsoluble vitamins, it is clear that bile acids function as signaling molecules with effects that extend beyond control of hepatobiliary and intestinal function. Among the best studied of the bile acid-activated receptors is the G protein coupled receptor TGR5. 16 Although not expressed by hepatocytes, TGR5 is expressed by many cell types including, surprising to some, neurons of the enteric and central nervous system, where it has been implicated in mediating the effects of bile acids on intestinal motility. 17, 18 In the present study, Alemi et al show that TGR5 is also expressed by the small diameter neurons of the dorsal root ganglia that are involved in transmission of both itch and pain signals from the skin. Addition of TGR5 agonists deoxycholic acid, the conjugated bile acid taurolithocholic acid, or oleanolic acid, a natural product found in the leaves of the European olive tree, stimulated action potentials in mouse dorsal root ganglion neurons as well as the release of neuropeptide mediators of itch (GRP; gastrin-releasing peptide) and analgesia (the endogenous opioid, leucine-enkephalin) from rat spinal cord. With regard to itch, intradermal injection of deoxycholic acid strongly stimulated scratching in wild type mice, and this response was stimulated in transgenic mice overexpressing TGR5. More remarkable was the finding that mice lacking TGR5 have substantially attenuated pruritic responses, suggesting a direct link between TGR5-activating bile acids and itch. In addition, with regard to pain, intraplantar or intrathecal injection of deoxycholic acid produced mechanical analgesia, which was dependent on the presence of TGR5 and blocked by opioid antagonists. As endogenous opioid-secreting dermal macrophages were shown to express TGR5, this raises the possibility that bile acids may also be stimulating the peripheral release of endogenous opioids.
The findings provide a direct molecular mechanism by which bile acids could contribute to the peripheral and central mechanisms of pruritus and altered analgesia associated with cholestasis. In addition, TGR5 has a distinct bile acid ligand specificity, which favors more hydrophobic species lacking hydroxylation at the 6, 7 or 12 positions. 19 As such, it is certainly possible that the overall bile acid composition in the serum of patients includes both agonists and antagonists to TGR5, and thus may help explain patient-to-patient variable susceptibility to pruritus and poor correlation between total bile acid levels and pruritus severity. Finally, these results begin to "connect the dots" between bile acids, a liver-derived candidate pruritogen, and the changes in opioidergic signaling described in cholestatic liver disease.
The strengths of the study included use of state-of-the-art rodent models of itch and analgesia, and use of mouse models over-expressing or lacking TGR5. The study also had significant limitations. Most notable is the lack of human data or animal studies using a cholestatic model. The authors also use the unconjugated bile acid deoxycholic acid for many of their experiments, whereas this bile acid does not typically accumulate to high levels in cholestasis. Similar to the studies that identified LPA as a candidate pruritogen 13 , it will be critical to correlate pruritus severity with the TGR5 activity of the bile acid species present in serum of cholestatic patients. It is also important to note that other endogenous ligands besides bile acids have been identified for TGR5, such as progesterone, progesterone metabolites, and the neurosteroid pregnanolone among others. 19 This observation raises the possibility that ligands other than or in addition to bile acids may be acting through TGR5 in cholestatic liver disease. This alternative hypothesis may be particularly relevant for Intrahepatic Cholestasis of Pregnancy, where elevated levels of progesterone metabolites have been implicated in the pathogenesis of the disease. Finally, it should be also noted that current findings do not challenge the concept of LPA as an important pruritogen in cholestatic liver disease. LPA is not a TGR5 agonist, but rather is believed to induce itch through other mechanisms, including mast cell degranulation 4 and perhaps activation of specific LPA receptors on pruritoceptive neurons. 13 Even as the present study has helped narrow important gaps in our understanding of the pathogenesis of cholestasis-associated itch (summarized in Figure 1 ), further investigation will certainly be required to determine if there is interaction between the LPA and TGR5-dependent neural pathways, and their individual roles at each stage in the progression of different forms of cholestatic liver disease.
What do these findings mean for our patients with cholestasis-associated itch? Our current armamentarium for relief of pruritus has its origins more in serendipity than mechanism and is clinically frustrating for all involved. Pruritus remains a debilitating component of cholestatic liver disease, and substantially impacts our patients' well-being, sleep cycles, work performance, and may even lead to suicidal ideation. Thus, any novel insight into targets and mechanisms are welcome, and the work of Alemi and colleagues should help stimulate new, neural-based approaches. One can envision that this would be part of a systematic approach to therapy that integrates the type and stage of liver disease, genetic or microbiome influences, and serum levels of LPA/autotaxin and TGR5-potentiating agonists. The future should expand our understanding of this liver-bile acid-neuron axis and thus be a part of what can be offered to help our patients lead lives with one less "itch to scratch". Model for the pathogenesis of cholestatic liver disease-associated itch and altered analgesia. Cholestasis results in increased levels of circulating bile acids, autotaxin, and other potential pruritogens. Bile acids in skin may signal through their receptor TGR5 on peripheral sensory nerves to stimulate release of Gastrin-releasing peptide (GRP) and opioids by spinal neurons in the dorsal horn of the spinal cord. These neurotransmitters activate specific spinal neurons to induce itch. Autotaxin catalyzes the production of lysophosphatidic acid (LPA) from lysophosphatidylcholine (LPC), which can stimulate release of histamine or act directly on sensory nerves to induce itch. Bile acids could mediate analgesia by several mechanisms. In the skin, bile acids could activate TGR5 expressed on dermal macrophage to stimulate release of opioids. Bile acids may also activate TGR5 expressed on spinal neurons to stimulate release of opioids. BA, bile acids; DRG, dorsal root ganglion; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine.
